Hepatitis C virus (HCV)
1 is a major cause of chronic hepatitis worldwide (1, 2) . Most HCV-infected individuals develop chronic hepatitis that may progress to liver cirrhosis and hepatocellular carcinoma. A vaccine for prevention of infection is not available and treatment options for chronic HCV infection are limited (2, 3) . Therefore, novel antiviral treatment strategies are needed.
HCV has been tentatively classified in a separate genus (hepacivirus) of the Flaviviridae family (4) . The virion contains a positive-sense single-stranded RNA genome of about 9.5 kb. The genome encodes a single polyprotein of 3,010 to 3,030 amino acids that is processed into functional proteins by host and viral proteases (4 -6) . The structural proteins comprise the core protein forming the viral nucleocapsid and two envelope glycoproteins, E1 and E2 (5, 6) . Enveloped virions have been visualized in infected target cells (5, 7) . Several lines of evidence have demonstrated that the HCV envelope proteins may play a crucial role in the initiation of infection by mediating virus-host cell membrane interaction. E2 is thought to initiate viral attachment (6, 8, 9) , whereas E1 may be involved in virus-cell membrane fusion (6, 9) . Several cell surface proteins, the tetraspanin CD81 (10, 11) , the LDL receptor (12) , the asialoglycoprotein receptor (13) and scavenger receptor B1 (14) , have been proposed to play a role in mediating E2 binding and/or HCV internalization. However, it is still unclear whether any of these molecules can act as a functional cellular receptor mediating viral entry and initiation of infection. The study of HCV envelope binding, membrane fusion, and cellular entry has been hampered by the lack of a cell culture system for the large scale synthesis of infectious virions.
The HCV structural proteins have been shown to assemble into hepatitis C virus-like particles (HCV-LPs) with morphological, biophysical, and antigenic properties similar to putative virions from infected humans (15) (16) (17) (18) (19) (20) (21) (22) (23) . VLPs have been successfully used as a surrogate model to study the host cell membrane interaction of several viruses (24 -27) . In line with these observations, we and others have demonstrated that the interaction of insect cell-derived HCV-LPs with defined human cells lines and hepatocytes represents a convenient highthroughput model system for studying viral binding and entry (18, 19, 23) .
Glycosaminoglycan (GAG) chains on cell surface proteoglycans provide primary docking sites for the binding of various viruses and other microorganisms to eukaryotic cells. GAGs are present almost ubiquitously on cell surfaces but vary with respect to their composition and quantity among different species, cell types, tissues, and cellular development stages (28) . The GAG heparan sulfate is an important initial cellular binding molecule for several viruses. These viruses include several members of the Flaviviridae family such as Dengue (29 -31) , classical swine fever (CSF) (32) , and tick-borne encephalitis (TBE) (33) viruses as well as herpes simplex virus 1 (34) , human herpesvirus 8 (35) , and papilloma virus (24) . It has been proposed that the affinity of the viral surface molecules to heparan sulfate may be an important determinant for tissue tropism and pathogenicity (36, 37) . Apart from mediating virus binding to target cells, heparan sulfate carrying a specific sulfation pattern can also act as a cell surface receptor mediating entry of herpes simplex virus type 1 (34, 37) .
A comparative structural analysis of the E2 protein of various HCV isolates demonstrated that positively charged amino acid residues are highly conserved in the N terminus of E2 hypervariable region 1 (38) . This finding led to the conclusion that E2 may bind to negatively charged compounds such as cell surface GAGs. In this study, we demonstrate for the first time that E2 interacts with highly sulfated heparan sulfate and that this interaction plays a major functional role in mediating cellular binding of HCV glycoprotein E2 to target cells.
EXPERIMENTAL PROCEDURES
Reagents and Cell Lines-HCV-LPs of genotypes 1a and 1b were synthesized and purified as described (15, 18) . HCV-LP E2 concentration was determined as described (18) . Recombinant C-terminal-truncated envelope glycoprotein E2 (comprising amino acids 384 -673) and E2 containing a deletion of HVR1 (⌬E2; comprising amino acids 412-715) were generated using recombinant vaccinia viruses containing HCV envelope cDNAs of a European HCV 1b isolate (39) . Recombinant NS5A and NS5B proteins (Mikrogen Corp., Martinsried, Germany) were generously provided by H. Diepolder, Dept. of Medicine II, University of Munich. Heparin, kidney-derived normally sulfated heparan sulfate, keratan sulfate, dextran sulfate, chondroitin sulfate, dermatan sulfate, chondroitin ABC lyase, and heparinases I and III were obtained from Sigma-Aldrich Corp. Highly sulfated liver-derived heparan sulfate was isolated as previously described (40) . Mouse anti-E2 (16A6) monoclonal antibody has been described previously (18) . Monoclonal antibodies directed against NS5A and NS5B proteins were provided by J. Y. N. Lau (Schering-Plough Corporation, Kenilworth, NJ). Origin and maintenance of HepG2, HuH-7, MOLT-4, and Daudi cells have been described (18) .
Analysis of Envelope Protein-Heparin Interaction by ELISA-96-well ELISA plates (Immulon 2 HB, Thermo Labsystems, Helsinki, Finland) were coated with 1 g of heparin-bovine serum albumin (BSA) or BSA (Sigma) per well at 4°C overnight and then incubated with blocking buffer (5% nonfat dry milk in PBS, 0.1% Tween-20) for 1 h at room temperature. HCV-LPs or recombinant HCV proteins were added and incubated for 1 h at 37°C. After washing, heparin-or BSA-bound proteins were detected by the addition of mouse anti-envelope or anti-NS5A/B monoclonal antibodies (dilution 1:500 in PBS; 45 min at 37°C). The plates were then incubated with horseradish peroxidase-conjugated goat anti-mouse IgG secondary antibody (dilution 1:1,000 in PBS; 30 min at 37°C). Protein-bound antibodies were detected by colorimetry as described recently (41) . The plates were washed six times with PBS and with 0.1% Tween-20 between each step.
Measurement of Envelope Protein-Heparin Interaction by SPR-SPR measurements were performed on a BIAcore 3000 system (BIAcore AB, Uppsala, Sweden) using the BIAcore 3000 version software. Pioneer Sensor C1 Chips (BIAcore AB) with a flat carboxymethylated surface were used in this study to reduce nonspecific binding. BSA-heparin (Sigma) was covalently immobilized to the sensor surface (Fc2) through its primary amino groups (42) . In brief, the carboxymethyl groups on the chips surface were first activated using an injection pulse 10 min (50 l, with the flow rate 5 l/min) of an equimolar mix of N-hydroxysuccinimide (NHS) and N-ethyl-N-(dimethyaminopropyl) carbodiimide (EDC) (final concentration is 0.05 M, mixed immediately prior to injection). A solution of BSA-heparin (obtained from Sigma; 200 g/ml in sodium acetate buffer with the addition of 2 M guanidine, pH 4.0), was then applied (20 l) by manual injection. Excess unreacted sites on the sensor surface were blocked by injection with 50 l of 1 M ethanolamine. The successful immobilization of BSA-heparin was confirmed by the observation of an ϳ250 RU increase in the sensor chip. To prepare the control flow cell (Fc1), BSA (Amresco, Solon, OH) was immobilized on the surface with a similar amine coupling procedure. After the surface was activated with NHS/EDS, 5 l of BSA solution (20 g/ml in sodium acetate buffer, pH 4.0) were injected manually to obtain 250 RU immobilized.
Measurement of heparin-protein interaction was performed as follows: different dilutions of protein samples in PBS containing 0.05% betaine were injected (30 l) at a flow rate of 10 l/min. At the end of the sample injection, the same buffer flew over the sensor surface to facilitate dissociation. After a 3-min dissociation time, the sensor surface was regenerated by injecting first with 10 l of 2 M NaCl, then with 10 l of glycine-HCl, pH 2 buffer (BIAcore) and 10 l of NaOH 50 (BIAcore). The response was monitored as a function of time (sensorgram) at 25°C.
Analysis of Binding of HCV-LP E2 and Recombinant E2 to Human Cell Lines by Flow Cytometry-To investigate whether binding of HCV-LP E2 or recombinant E2 can be blocked by soluble GAGs, HCVLPs (corresponding to an E2 concentration of 2.5 g/ml) or recombinant E2 (2.5 g/ml) were preincubated with defined GAGs at various concentrations for 20 min at room temperature in DulbeccoЈs PBS (Invitrogen). Protein-GAG complexes were added to cells (1.5 ϫ 10 5 cells per assay), and cellular binding of HCV-LP and recombinant E2 was analyzed by flow cytometry using monoclonal antibodies as described (18) . For pretreatment with GAG lyases, HepG2 cells were removed from culture plates by incubation in PBS containing 5 mM EDTA as described (29) . HepG2 or MOLT-4 cells (1.5 ϫ 10 5 cells per assay) were then incubated in DulbeccoЈs PBS or 20 mM Tris-HCl, 50 mM NaCl, 4 mM CaCl 2 , 0.01% BSA, pH 6.8 (24) containing heparinase I, heparinase III, or chondroitin ABC lyase. After incubation for 1 h at 37°C, the cells were put on ice and washed once with ice-cold PBS. HCV-LPs and E2 were added to pretreated cells, and HCV-LP or E2 binding was analyzed as described above.
Inhibition of Cellular GAG Sulfation by Sodium Chlorate-To reduce the extent of sulfation of heparan sulfate on the cell surface, HepG2 cells were cultured for 48 h in the presence of the sulfation inhibitor sodium chlorate as described (24) . In parallel experiments, cells were supplemented with sodium sulfate (2 mM) for 48 h to assess the sulfation specificity of inhibition of HCV-LP binding. HCV-LP E2 binding to HepG2 cells after sodium chlorate treatment and addition of sodium sulfate was analyzed by flow cytometry as described above.
Analysis of HCV-LP Internalization-HCV-LPs were preincubated with or without heparin (10 g/ml in Dulbecco PBS) as described above. HCV-LP binding was measured by incubation of HepG2 cells (grown on cover slides) with HCV-LP or HCV-LP-heparin complexes at 4°C for 40 min. For temperature-dependent HCV-LP entry, cells were incubated for additional 60 min at 37°C. After removal of non-bound HCV-LPs by washing with ice-cold PBS, cells were fixed with PBS containing 3.5% paraformaldehyde and permeabilized using PBS containing 0.1% Triton X-100. Cells were stained for HCV-LP binding and entry using mouse anti-E2 antibody 16A6 (dilution 1:100 in PBS) and Cy3-conjugated anti-mouse IgG (Dianova, Hamburg, Germany; dilution 1:250 in PBS). For the co-staining of the cytoskeleton, cells were co-incubated with a polyclonal rabbit anti-actin antibody (Sigma-Aldrich; dilution 1:200 in PBS) and FITC-conjugated anti-rabbit IgG (ICN Biomedicals, Costa Mesa, CA; dilution 1:500 in PBS). Between antibody incubations (1 h at room temperature) cells were washed three times in PBS. For co-staining of the nucleus, cells were incubated with DRAQ-5 (Biostatus; Leicestershire, UK), a highly permeable DNA-interactive agent, according to the manufacturerЈs protocol. Prior to analysis by confocal laser scanning microscopy, cover slides were mounted in antifade reagent (Fluoroguard, Bio-Rad) to minimize photobleaching. Stained cells were analyzed using a Zeiss LSM 410 laser scanning confocal microscope (Carl Zeiss Corp., Jena, Germany) with argon (488 nm) and helium/neon (543 and 633 nm) lasers. Digitalized images were analyzed using Zeiss-LSM Image Browser version 2.8 (Carl Zeiss Corp.).
Immunostaining of Cell Surface Heparan Sulfate by Single Chain Antibodies-To assess whether HepG2 and MOLT-4 cells express highly sulfated heparan sulfate on their cell surface, HepG2 and MOLT-4 cells were incubated with VSV-tagged single chain anti-heparan sulfate antibody HS4C3 (bacterial periplasmatic fraction diluted 1:2 in PBS/BSA, incubation time 90 min). HS4C3 has been shown to interact with highly sulfated heparan sulfate on a variety of tissues (43) . Parallel incubation of cells with VSV-tagged single chain antibody MPB49 served as a negative control. Control antibody MPB49 was selected for its similar amino acid sequence compared with HS4C3 (Vh3 family and DP 38 gene number) and does not recognize a defined epitope. 2 For detection of bound antibodies, cells were incubated with Cy3-labeled mouse anti-VSV antibody P5D4 (Sigma-Aldrich; 1:100 in PBS/BSA; 1-h incubation time). Between antibody incubations cells were washed three times in PBS. Labeled cells were then analyzed by flow cytometry or laser scanning confocal microscopy as described above.
Analysis of Cellular Heparan Sulfate Structure and Sulfation-Disaccharide analysis of cell surface heparan sulfate from freeze-dried HepG2 and MOLT-4 cells using was performed using high performance liquid chromatography with post-column fluorescence detection as previously described (44, 45) . Analysis of kidney and liver heparan sulfate by capillary electrophoresis has been recently described (40) .
RESULTS

High Affinity Interaction of Envelope Glycoprotein E2 with the Heparan Sulfate Homologue
Heparin-Since the structural organization of the envelope glycoprotein E2 suggests an interaction with cellular GAGs (38), we first assessed whether E2 interacts with heparin. Heparin is not a constituent of cell membranes but is a close structural homologue of highly sulfated heparan sulfate, which is expressed in various forms on the surface of defined cells and extracellular matrices including hepatocytes (28) . Using heparin complexed with BSA as a capture antigen in an ELISA, E2 showed a strong and concentration-dependent interaction with heparin. Heparin binding profiles of E2 from HCV-LPs and recombinant E2 had similar features ( Fig. 1) . By contrast, no E2 binding was observed to BSA-coated control ELISA plates, indicating that the observed interaction was specific in the established assay ( Fig. 1 ). E2-heparin binding was subtype-independent since HCV-LP E2 from genotype 1a and 1b demonstrated a similar interaction with heparin (data not shown). With our heparin-capture ELISA under the conditions described above, no interaction between heparin and recombinant HCV non-structural proteins NS5A and NS5B could be detected (data not shown). These data indicate that E2 interacts specifically with the heparan sulfate homologue heparin in vitro.
To characterize the affinity of heparin-E2 interaction in detail, surface plasmon resonance (SPR) analysis was performed.
SPR allows a direct quantitative analysis of label-free molecular interactions in real-time. Highly purified BSA-heparin was covalently immobilized on a biosensor chip (42) and tested for binding of recombinant E2. A control flow cell (Fc1) was prepared similarly using BSA. As shown in the sensorgrams (Fig.  2 ), E2 bound dose-dependent to the heparin biosensor surface. E2-heparin association was demonstrated by the biosensor chip response following the initiation of sample injection. The maximal response reached 31 RU for 50 nM E2 and 365 RU for 100 nM E2 (Fig. 2) . 180 s after sample injection, the sensor surface was regenerated using several wash buffers with high ionic strength. The biosensor chip response decreased to 21 RU and to 189 RU for 50 nM and 100 nM E2, respectively, on washing with 10 l of 2 M NaCl. Assuming a one-to-one interaction (Langmuir model) between the immobilized ligand (heparin) and soluble analyte (E2 protein), the calculation of the kinetic parameters for E2-heparin binding revealed a dissociation con-
). These data demonstrate that E2 and heparin bind with a very high affinity.
Heparin and Highly Sulfated Heparan Sulfate Inhibit Binding of Envelope Glycoprotein E2 to Human Cell Lines-Since
we observed a concentration-dependent interaction of HCV envelope glycoproteins with heparin we studied whether heparin and other soluble cell surface GAGs inhibit binding of HCV-LP to hepatoma and lymphoma cell lines. These cell lines have been shown to interact specifically with recombinant E2 protein, HCV-LPs, and virions and therefore represent a model for the study of the HCV-host cell membrane interaction (8 -10, 18, 19, 46, 47) . Furthermore, several studies have demonstrated evidence that the lymphoma cell lines MOLT-4 and Daudi are susceptible to low-level HCV infection (for review see Ref. 4) . Evidence for HCV infection has also been demonstrated for HepG2 and HuH-7 cell lines, even though the levels of replication in these cells are too low to serve as a robust model for HCV infection (4). HepG2 cells have also been used to study HCV binding and entry (48) . Preincubation of HCV-LPs with increasing concentrations of heparan sulfate-homologue heparin, resulted in a dose-dependent inhibition of HCV-LP E2 binding to HepG2 hepatoma and MOLT-4 lymphoma cells. At the highest heparin concentration (10 g/ml or 1 M) used in this study, HCV-LP binding to both HepG2 and MOLT-4 cells was inhibited more than 95% (Fig. 3) . The heparin concentration required for a 50% inhibition of cellular binding (ID 50 ) was in the low nanomolar range (0.003 g/ml or 0.3 nM for HCV-LP binding to HepG2 cells and 0.004 g/ml or 0.4 nM for HCV-LP binding to MOLT-4 cells, respectively, mean of three independent experiments). In contrast, preincubation of HCV-LPs with GAGs keratan sulfate, dermatan sulfate, chondroitin sulfate ( Fig. 3 ) and dextran sulfate (data not shown) did not result in inhibition of HCV-LP binding. Interestingly, dermatan sulfate at a concentration of 10 g/ml enhanced HCV-LP E2 binding to MOLT-4 cells (Fig. 3) . Specific inhibition of HCV-LP binding by heparin was also observed for the hepatoma cell line HuH-7 and Daudi B-lymphoma cells (data not shown). The inhibition of cellular binding of HCV-LPs of genotype 1a and 1b by heparin was similar, indicating that inhibition is genotype-independent (Fig. 3) .
Since heparin is a structural homologue of highly sulfated heparan sulfate, we next assessed whether highly sulfated heparan sulfate purified from liver membranes was able to inhibit HCV-LP or recombinant E2 binding. To study the possible role of heparan sulfate sulfation in inhibition of viral envelope binding, a side-by-side analysis was performed using kidney-derived heparan sulfate. Liver-and kidney-derived heparan sulfates represent prototypes for "highly" and "nor- 2 T. H. van Kuppevelt, unpublished results.
FIG. 1. Interaction of HCV-LP envelope glycoprotein E2 (HCV-LP E2
) and recombinant E2 with heparin. ELISA plates were coated with BSA-heparin (closed symbols) or BSA (open symbols) as described under "Experimental Procedures." HCV-LP E2 (OE, ‚) and recombinant E2 (q, E) were added in the concentrations indicated on the x-axis (final volume, 100 l). After removal of non-bound E2 by extensive washing with PBS, heparin-or BSA-bound E2 was detected using monoclonal anti-E2 and horseradish peroxidase-conjugated antimouse IgG antibodies. Bound antibodies were detected by colorimetric reaction. The optical density (OD) of the colorimetric reaction is proportional to heparin-BSA or BSA-bound E2. Mean values of duplicate measurements of a representative experiment are shown.
mally" sulfated heparan sulfates and have been successfully applied to characterize the role of sulfation for the interaction of heparan sulfate with other cellular ligands such as dengue virus (29, 40) . The previously characterized structure has pointed to marked differences in disaccharide sulfation of these two molecules (40): Whereas liver heparan sulfate is characterized by a sulfate to disaccharide ratio of 1.05, kidney-derived heparan sulfate displays a sulfate to disaccharide ratio of only 0.60 (40) . This marked difference is also reflected in the relative percentage of N-and O-sulfated disaccharides in the two molecules: the percentage of N-sulfated and O-sulfated disaccharides amounts to 42.0 and 62.6% for liver-heparan sulfate in contrast to 28.6 and 32.5% for kidney heparan sulfate (40) . Furthermore, the comparative analysis of disaccharide composition revealed a major difference in the amount of trisulfated disaccharide ⌬UA2S-GlcNS6S. Whereas liver heparan sulfate contains a substantial amount of trisulfated disaccharide ⌬UA2S-GlcNS6S (21.2% of unsaturated disaccharides), ⌬UA2S-GlcNS6S is hardly detectable in kidney heparan sulfate (1.3% of unsaturated disaccharides; (40)).
As shown in Fig. 4 , liver-derived, highly sulfated heparan sulfate strongly inhibited HCV-LP E2 binding to HepG2 cells in a dose-dependent manner. By contrast, kidney-derived normally sulfated heparan sulfate did not inhibit HCV-LP binding. Similar findings were observed when recombinant E2 was used as a ligand for cellular binding. Heparin and highly sulfated liver-derived heparan sulfate strongly inhibited cellular binding of recombinant E2, while co-incubation of recombinant E2 with keratan sulfate, dermatan sulfate, chondroitin sulfate, and kidney-derived normally sulfated heparan sulfate did not affect recombinant E2 binding (Fig. 5B) . Taken together, these data indicate that the level of heparan sulfate disaccharide sulfation plays an important role in mediating heparan sulfate-E2 interaction.
Heparin-mediated Inhibition of Virus-like Particle Entry into Target Cells-The next step after particle binding is uptake or entry of particles into the cell. Since virus envelope binding represents only the first step for the initiation of viral infection, it is of interest to study whether the interaction of HCV E2 with heparan sulfate is important for events downstream from envelope binding. A recent report has demonstrated envelope-dependent internalization of HCV-LPs into target cells (19) . Therefore, we studied whether the heparan sulfate homologue heparin inhibits internalization of HCV-LPs into target cells. Temperature-dependent HCV-LP entry into HepG2 cells was analyzed using anti-E2 specific immunofluorescence and confocal laser scanning microscopy. As shown in Fig. 6 , incubation of HepG2 cells with HCV-LPs at 4°C resulted in the exclusive detection of HCV-LP E2 on the cell surface, consistent with HCV-LP binding to the cell membrane. By contrast, incubation at 37°C resulted in the translocation of E2 immunoreactivity into the cell consistent with HCV-LP entry. Following a preincubation of HCV-LPs with heparin and addition of heparin-HCV-LP complexes to HepG2 cells at 37°C, HCV-LP E2 protein was neither detected as a ring-like structure at the cell surface nor as intracellular spots localized in the cytoplasm. These data indicate that heparin-mediated inhibition of binding may be sufficient to prevent HCV-LP envelope internalization.
Highly Sulfated Cell Surface Heparan Sulfate Is a Binding Receptor for Envelope
Glycoprotein E2-To demonstrate that the inhibitory effect of heparin and highly sulfated heparan sulfate on envelope protein binding was due to competition with a similar molecular species on the target cell, hepatoma, and lymphoma cell lines were treated with specific GAG lyases, followed by assessment of HCV-LP E2 binding. Pretreatment of MOLT-4 cells with heparinase I (degrading heparin and highly sulfated domains in heparan sulfate) almost completely abolished HCV-LP E2 binding (Fig. 7A) . For HepG2 cells, an inhibition of HCV-LP E2 binding of 45-75% was observed. Pretreatment of cells with heparinase III (degrading heparan sulfate) markedly decreased HCV-LP E2 binding to MOLT-4 (maximum inhibition: 75%) and HepG2 cells (maximum inhibition: 42%). By contrast, degradation of other non-heparan sulfate GAGs by chondroitin lyase ABC (degrading chondroitin and dermatan sulfate) had little or no effect on HCV-LP E2 binding (Fig. 7A) . Similar results were obtained when recombinant E2 was used as a ligand for cellular binding. Pretreatment of MOLT-4 cells with heparinases I and III (1 unit/ml) resulted in 68 and 42% inhibition of E2 binding, respectively (data not shown). These data are consistent with the hypothesis that sulfated motifs in heparan sulfate act as cellular receptor mediating binding of HCV E2 protein to target cells. The experiments comparing highly sulfated and low-sulfate forms of heparan sulfate as inhibitors for E2 binding indicated that the degree of sulfation plays an important role in the E2-heparan sulfate interaction. To confirm that GAG sulfation is indeed required for HCV-LP E2 binding, we cultured HepG2 cells in the presence of sodium chlorate, an inhibitor of cellular sulfation. Exposure of HepG2 cells to sodium chlorate for 48 h was sufficient to inhibit HCV-LP E2 binding up to 80% (Fig.  7B ). The specificity of this effect was confirmed by supplementing the sodium chlorate-treated cells with an excess of sodium sulfate that resulted in reconstitution of HCV-LP E2 binding (Fig. 7B) . Cell viability was not affected by these agents based on unchanged flow cytometry light scatter (data not shown).
To investigate whether highly sulfated heparan sulfate is expressed on the cell surface of our target cells, we performed immunofluorescence of our target cell lines using a previously characterized single chain anti-heparan sulfate antibody (43) . Immunostaining of cell surface heparan sulfate using phage display-derived monoclonal single-chain antibodies has been shown to represent a powerful tool for the structural characterization of tissue heparan sulfate topology and diversity (49) . Antibody HS4C3 interacts with highly sulfated heparan sulfate and heparin but not with moderately sulfated heparan sulfate from tissues such as aorta (43) . Furthermore, it does not react with N-sulfated, but O-desulfated heparan sulfate, nor with completely desulfated heparan sulfate or N-desulfated, but Osulfated heparan sulfate confirming its specificity for heparan sulfate containing highly sulfated disaccharides (43) . HS4C3 stained cell surface heparan sulfate on both HepG2 and MOLT-4 cells as shown by flow cytometry and immunofluorescence ( Fig. 8 ; immunofluorescence for MOLT-4 cells not shown). These data indicate that highly sulfated heparan sulfate is exposed at the target cell surface.
To proof that our target cell lines indeed contain heparan sulfate with highly sulfated disaccharides, we analyzed the disaccharide composition of cell surface heparan sulfate by high performance liquid chromatography with post-column fluorescence detection (Fig. 9 , Table I ). Our detailed analysis confirmed the presence of highly sulfated disaccharides on the target cell membrane: The ratio of sulfates/disaccharides was 0.86 for MOLT-4 cells and 0.79 for HepG2 cells (Table I ). The percentage of N-sulfated disaccharides was similar to liverderived, highly sulfated heparan sulfate (40.5 and 40.2% Nsulfated/total disaccharides for HepG2 and MOLT-4 cells, respectively). Interestingly, the comparative disaccharide analysis demonstrated a markedly conserved disaccharide composition in the two target cell lines (Table I) . Trisulfated disaccharide ⌬UA2S-GlcNS6S, an important constituent of liver-derived heparan sulfate and heparin, was detected in target cell heparan sulfate (9.9 and 6.7% of total unsaturated disaccharides for MOLT-4 and HepG2 cells respectively, Table I) . These data clearly demonstrate that heparan sulfate of target cell lines MOLT-4 and HepG2 cells indeed contain highly sulfated disaccharides and therefore can be classified as highly sulfated heparan sulfate. The presence of highly sulfated disaccharides on the cell surface of target cells corroborates the hypothesis that highly sulfated heparan sulfate disaccharides on the target cell membrane act as cellular E2 binding molecules.
E2 Hypervariable Region 1 (HVR-1) Is Important for E2-GAG Interaction-
To assess whether the E2 HVR-1 plays a role in mediating E2-heparan sulfate interaction, recombinant E2 containing a deletion of HVR-1 (⌬E2) was used as a ligand for heparin and cell surface interaction. A side-by-side-analysis of envelope protein-heparin interaction by SPR demonstrated a markedly decreased heparin binding of ⌬E2 in comparison with E2 containing HVR-1 (Fig. 2) .
To study whether the decrease in E2-heparin interaction is also reflected in cellular binding of E2 to target cells, we compared cellular binding of ⌬E2 with E2 containing HVR-1. Similar to the results seen in SPR analysis, ⌬E2 exhibited a markedly decreased ability to bind to MOLT-4 ( Fig. 5A ) and HepG2 cells (data not shown). These results suggest that E2 HVR-1 plays an important role in mediating E2-heparin and E2-cell surface heparan sulfate interaction. blue lined, unshaded graph). Background binding (negative control, NC) was measured as described in Fig. 3 . B, comparative analysis of HCV-LP binding in the presence of increasing concentrations of normally sulfated kidney-derived (f) and highly sulfated liver-derived heparan sulfate (Ⅺ). Data are shown as percent binding relative to binding of HCV-LPs without heparan sulfate (100%).
DISCUSSION
In this study, we demonstrate that the HCV envelope glycoprotein E2 interacts with defined cell surface heparan sulfate proteoglycans (HSPGs) and that this interaction mediates E2 binding to target cells. This conclusion is supported by four key experimental observations: (i) E2 demonstrated direct interaction with heparin, a structural homologue of highly sulfated heparan sulfate; (ii) binding of E2 could be specifically inhibited by highly sulfated heparan sulfate and heparin but not by other closely related soluble GAGs; (iii) partial enzymatic degradation of cellular heparan sulfate but not other closely related GAGs resulted in a marked reduction of E2 binding; (iv) level of heparan sulfate sulfation appeared to play a crucial role for E2 binding.
The mechanism of GAG-protein binding ranges from simple charge effects to highly specific receptor-like interactions as described for binding of several viral proteins to heparan sulfate (29, 31, 34, 35) . The specific inhibition of E2 binding by defined GAGs, such as highly sulfated heparan sulfate and pre-treatment of cells by defined GAG lyases, provides evidence that E2-heparan sulfate binding is not mediated exclusively by simple charge interactions, but most likely includes a specific interaction with a defined structure present in heparan sulfate. Our data indicate that disaccharide sulfation and composition of disaccharides are important factors for efficient GAG-E2 interaction. This hypothesis is supported by the following observations: (i) Only highly sulfated heparan sulfate and heparin inhibited E2 binding to target cells (Fig. 3-5) ; (ii) treatment of cells with heparinases and sulfation inhibitor strongly inhibited E2 binding (Fig. 7) ; (iii) target cells contained heparan sulfate with highly sulfated disaccharides representing possible binding sites for E2 (Figs. 8 and 9 ; Table I ).
Heparin was much more potent in inhibiting E2 binding to target cells than heparan sulfate. This observation is best explained by the different structure of heparan sulfate and heparin. Heparin is characterized by a very high sulfation of disaccharides (between 2.12 and 2.66 sulfates/disaccharides, Refs. 50 and 51, compared with 1.05 sulfates/disaccharides for liver-derived heparan sulfate and 0.60 sulfates/disaccharides for kidney-derived heparan sulfate, Ref. 40 ). This difference is FIG. 5 . A, flow cytometry histograms of E2 and ⌬ E2 (containing a deletion of HVR-1) binding to MOLT-4 cells. MOLT-4 cells were incubated with recombinant envelope proteins as described under "Experimental Procedures" and binding was analyzed by flow cytometry as described in Fig. 3 (NC, negative control corresponding to cells incubated without envelope protein). B, cellular binding of recombinant E2 in the presence of soluble GAGs. Recombinant E2 was preincubated with heparin, normally sulfated heparan sulfate (HS), highly sulfated heparan sulfate (hsHS), keratan sulfate (KS), chondroitin sulfate (CS), or dermatan sulfate (DS) (10 g/ml). E2/GAG complexes were added to MOLT-4 cells and cellular E2 binding was quantified by flow cytometry as described in Fig. 3 . Data are shown as percent binding (mean Ϯ S.D. of a representative experiment performed in triplicate) relative to binding of E2 without GAGs (100%).
FIG. 6.
Heparin-mediated inhibition of virus-like particle entry into target cells. HCV-LPs were preincubated with or without heparin as described under "Experimental Procedures." HCV-LP binding was measured by incubation of HepG2 cells (grown on cover slides) with HCV-LP or HCV-LP-heparin complexes at 4°C for 40 min (left panel). For temperature-dependent HCV-LP entry, cells were incubated for additional 60 min at 37°C (middle and right panels). After removal of non-bound HCV-LPs by washing with ice-cold PBS, cells were fixed, permeabilized and stained for HCV-LP binding and entry using anti-E2 and Cy3-conjugated anti-mouse IgG antibodies. For the co-staining of the cytoskeleton, cells were co-incubated with a rabbit anti-actin and FITC-conjugated anti-rabbit IgG antibody. For staining of the nucleus, cells were incubated with DRAQ-5, a highly permeable DNA-interactive agent. Stained cells were analyzed using a laser scanning confocal microscope.
also reflected by the percentage of N-sulfated disaccharides (88 -98% for heparin, 42% for liver-derived heparan sulfate and 28.6% for kidney-derived heparan sulfate, Refs. 40 and 51). Furthermore, a comparative analysis of heparin and heparan sulfate composition revealed that the potency of GAG-induced inhibition of E2 binding did not only correlate with the total sulfate/disaccharide ratio but also with the presence of trisulfated disaccharide ⌬UA2S-GlcNS6S. Whereas heparin (derived from bovine lung, used in this study) contains 86.2% ⌬UA2S-GlcNS6S (45), liver-derived heparan sulfate contains 21.2% ⌬UA2S-GlcNS6S (40) . In contrast, kidney-derived heparan sulfate, not inhibiting cellular E2 binding, contains only 1.3% ⌬UA2S-GlcNS6S (40). Interestingly, ⌬UA2S-GlcNS6S was also detected on the cell surface of our target cell lines (Table I) . These observations corroborate our hypothesis that total sulfation of disaccharides as well as the presence of defined dis- accharides in heparin or heparan sulfate are important for GAG-E2 interaction. Further studies using chemically modified GAGs and defined disaccharides will allow mapping of the heparin and heparan sulfate-E2 binding motif(s).
To understand the mechanism of GAG-E2 interaction, it is also of interest to identify potential GAG binding sites on the viral envelope. The HCV N-terminal E2 region contains a stretch of highly conserved positively charged residues providing a potential binding site for heparan sulfate (38) . Heparinbinding domains are located in protein regions rich in positively charged residues that can exhibit specific consensus structural motifs (52, 53) . Deletion of the E2 HVR-1 resulted in a marked reduction of E2-heparin interaction as shown by SPR. These observations indicate that the E2 HVR-1 indeed plays a major role in envelope-GAG interaction as recently suggested (38) . Since E2 containing a HVR-1 deletion still bound to heparin, it is conceivable that other envelope domains such as a recently suggested heparin binding motif at amino acids 559 -614 close to the E2 C terminus (54), may also contribute to E2-heparin interaction.
For other viruses it has been shown that GAG-viral envelope glycoprotein is strain or isolate-dependent (55) . By contrast, heparan sulfate-mediated envelope protein binding was observed for E2 proteins isolated from three different HCV isolates (HCV-J, H77C, European BE11 isolate) and genotypes (1a, 1b) indicating that the heparan sulfate binding region is conserved among different HCV isolates and genotypes.
A key role for heparan sulfate in mediating E2 binding was demonstrated for both C-terminally truncated E2 monomers as well as for HCV-LP E2. The use of C-terminally truncated E2 protein as a surrogate ligand for HCV binding is limited by the fact that the proper conformation of the envelope protein requires the co-expression of both E1 and E2 proteins (56, 57) . The signal sequences of E1 and E2 are important for membrane anchoring, heterodimerization, and membrane retention (58) . In contrast to recombinant C-terminally truncated E2, HCV-LP E2 is present as an E1/E2 heterodimer expressed from a full-length E1/E2 cDNA. Several studies have demonstrated that HCV-LP contain E2 in a native conformation, which may resemble properly folded E2 in the virion (16, 18, 19) . HCV-LPs and virions share distinct features in their cellular binding profiles, suggesting that cellular binding of HCV-LPs represents an appropriate model for the study of HCV-host cell membrane interaction (18, 19) . The specific inhibition of HCV-LP binding by heparin and highly sulfated heparan sulfate, as well as the marked reduction of HCV-LP binding by pretreatment of cells with defined heparinases strongly suggests that highly sulfated heparan sulfate may act as a cellular molecule required for efficient binding of the HCV envelope to target cells.
Using anti-E2 specific immunofluorescence and confocal laser scanning microscopy we could demonstrate that heparin inhibits cellular binding and temperature-dependent internalization of HCV-LP E2. Using an envelope cell fusion assay, a recent study suggested that cell surface GAGs are involved in HCV cell fusion (59) . Interestingly, heparan sulfate has been shown to interact specifically with the fusion domains of other viruses such as HIV glycoprotein gp41 (60) . Taken together, these observations suggest that E2-cell surface heparan sulfate interaction may also play an important role in events downstream of cellular HCV envelope binding.
The direct study of the heparan sulfate-virion interaction is at present still limited by the lack of a cell culture system for the large scale synthesis of infectious virions and the difficulty of purifying HCV in large quantities from human sera or plasma. Recent advances in hepatocyte-based models for HCV infection (61-63) may help to clarify the role of cell surface heparan sulfate proteoglycans for the initiation of HCV infection in the future.
Heparan sulfate has been shown to serve as an important cellular binding molecule for several members of the Flaviviridae family such as Dengue (29 -31) , CSF (32) , and TBE (33) viruses as well as herpes simplex virus 1 (34) human herpesvirus 8 (35) and papilloma virus (24 Ref. 64) . This finding supports the specificity and potential biological relevance of the interactions observed.
It has been proposed that the affinity of viral surface molecules for heparan sulfate may determine viral tissue tropism and pathogenicity (36, 37) . Recent investigations of the struc-
TABLE I Compositions of unsaturated disaccharides produced from heparan sulfate of target cell lines HepG2 and MOLT-4
Heparan sulfate was isolated from freeze-dried cells and analyzed by high performance liquid chromatography with post-column fluorescence detection as described in "Experimental Procedures." The sulfates/disaccharide values were calculated from the disaccharide composition based on sulfation level of disaccharides.
Cell line % Unsaturated disaccharide proportion
Sulfates / disaccharide ⌬UA-GlcNAc Chromatogram of unsaturated disaccharides produced from heparan sulfate of HepG2 cells. Glycosaminoglycans were prepared from ϳ20 mg of lyophilized cells and analyzed by high performance liquid chromatography with post-column fluorescence detection. Unsaturated disaccharides produced enzymatically from 33% of heparan sulfate in the cells were loaded onto the HPLC column and separated as described under "Experimental Procedures." Peaks: 1, ⌬UA-GlcNAc; 2, ⌬UA-GlcNS; 3, ⌬UA-GlcNAc6S; 4, ⌬UA2S-GlcNAc; 5, ⌬UA-GlcNS6S; 6, ⌬UA2S-GlcNS; 7, ⌬UA2S-GlcNAc6S; 8, ⌬UA2S-GlcNS6S.
⌬UA-GlcNS
⌬UA-GlcNAc6S
⌬UA2S-GlcNAc
⌬UA-GlcNS6S
⌬UA2S-GlcNS
⌬UA2S-GlcNAc6S
⌬UA2S-GlcNS6S
ture of heparan sulfate derived from a variety of sources have revealed high heterogeneity, expressed as differences in primary sequence and the pattern and level of sulfation (40, 49, 65) . These tissue-and species-specific differences may contribute to target cell recognition and virus attachment (36, 66) . Our own observation, demonstrating that the level of heparan sulfation plays an important role for mediating E2 binding, may have important implications for the understanding of HCV tropism. HCV-E2 binding has been demonstrated only for defined human cell lines and hepatocytes (8, 11, 18, 19) . It is therefore conceivable that tissue-and species-specific heparan sulfate patterns including the level of sulfation, may play an important role for HCV binding and tropism.
The initial step in the viral life cycle is the attachment of the virion to the host cell membrane. Frequently several cellular molecules are involved in mediating virus binding and entry. Cell surface candidate molecules mediating HCV binding include CD81 on lymphocytes (10), or cell surface proteins involved in lipoprotein uptake such as LDL-receptor (12) or human scavenger receptor B1 (14) on hepatocytes. In conclusion, we propose that highly sulfated heparan sulfate may serve as the initial docking site for HCV attachment. The virus may then be transferred to a second high affinity receptor, triggering entry.
E2-heparan sulfate interaction may also represent a potential target for novel antiviral strategies. Interestingly, heparin inhibited HCV-LP binding in concentrations similar to concentrations used in humans for the treatment of coagulation disorders. Development of heparin-derived molecules inhibiting E2-heparan sulfate interaction specifically and potently may represent a novel concept of the treatment of HCV infection.
